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Abstract 12 
We describe endogenous viral elements (EVEs) derived from parvoviruses (family 13 
Parvoviridae) in the long-tailed chinchilla (Chinchilla lanigera) and degu (Octodon degus) 14 
genomes. The novel EVEs include Dependovirus-related elements, and representatives of a 15 
clearly distinct parvovirus lineage that also has endogenous representatives in marsupial 16 
genomes. In the degu, one dependovirus-derived EVEs was found to encode an intact reading 17 
frame, and was differentially expressed in vivo, with increased expression in the liver. 18 
 19 
Main text 20 
Parvoviruses are small, non-enveloped viruses containing a single-stranded DNA 21 
(ssDNA) genome ~5 kilobases (kb) in length. In recent years, several reports have described 22 
endogenous viral elements (EVEs) derived from parvoviruses in animal genomes (1-4). We 23 
performed an in silico screen of recently published low-coverage genome sequence 24 
assemblies using the database-integrated genome screening (DIGS) tool (5). Screening 25 
identified novel parvovirus-related EVEs in two caviomorph rodents - the long-tailed 26 
chinchilla (Chinchilla lanigera), and the degu (Octodon degus). A total of twelve novel EVEs 27 
were identified in these two species (Table 1). 28 
 2
Chinchillas are medium-sized, crepuscular rodents that live at high altitude in the 29 
Andes mountains. Degus are small rodents endemic to the Chilean Matorral ecoregion. 30 
Although both species are indigenous to South America, they are relatively distantly related, 31 
having diverged ~37 million years ago (MYA) (6).  32 
Parvovirus genomes generally comprise two major gene cassettes that separately 33 
encode nonstructural (NS) and structural (VP) proteins. Genetic structures of previously 34 
described parvovirus-EVEs have included complete viral genomes, intact individual genes, 35 
isolated genome fragments, and rearranged complete genomes (2, 3). A similar range of 36 
genetic structures were observed here, with five of the novel EVEs representing complete or 37 
nearly complete viral genomes spanning both major gene cassettes, while the remainder 38 
represented single gene cassettes, or fragments of genes (Figure 1). 39 
Phylogenetic analysis of the newly identified EVEs revealed that half of them 40 
grouped robustly within the diversity of avian and mammalian Dependoviruses, whereas the 41 
others clustered in a single, well-defined clade comprised exclusively of EVEs obtained from 42 
the genomes of South American and Australian mammals (Figure 2). In phylogenies, this 43 
lineage of EVEs formed a sister clade with exogenous viruses in the Parvovirus and 44 
‘Bufavirus’ (7) genera.  45 
None of the novel EVEs were orthologous in the species examined, thus we could not 46 
infer minimum dates of integration based on orthology. However, we did identify a pair of 47 
endogenous Dependovirus elements (C.lanigera 5a and 5b (see Table 1)) that had apparently 48 
been duplicated after integrating into the chinchilla genome. This pair of nearly identical 49 
elements shared at least two nonsense mutations (Figure S1), indicating that the coding 50 
sequence had degenerated prior to its duplication, and can thus be assumed to have been 51 
evolving neutrally in the subsequent period. These elements are at least as old as the 52 
duplication event that generated them, which we estimated to have arisen in a duplication 53 
event that occurred between 2.8 and 5.6 MYA (Figure S1). 54 
Although most of the novel EVEs contained frameshifts and/or stop codons, 55 
insertions encoding apparently intact NS1 proteins were identified in both the chinchilla and 56 
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degu genomes. To exclude the possibility that it was somehow derived from contaminating 57 
viral DNA (8, 9), one intact element (O.degus-4) was independently amplified from genomic 58 
DNA by polymerase chain reaction (PCR). Tissue was obtained from a fresh male headless 59 
O.degus cadaver (kindly donated by Dr. Adrian Palacios from Universidad de Valparaiso, 60 
Chile). Genomic DNA was extracted from liver tissue, and PCR using primers targeting the 61 
5’ and 3’ flanking regions of O.degus-4 (Figure 3a), confirmed the presence of this EVE 62 
locus in a second, outbred degu individual, demonstrating that O.degus-4 is a genuinely 63 
endogenous sequence. 64 
RT-PCR was used to investigate expression of O.degus-4 in distinct degu tissues. 65 
RNA was extracted from pancreas, liver, testicle, kidney, suprarenal, spleen and lung tissues 66 
(Figure 3b). This analysis revealed that the O.degus-4 replicase is differentially expressed in 67 
vivo, with markedly elevated expression of mRNA in the liver, and little or no expression in 68 
other tissues. 69 
Scientifically, EVEs can be approached from two overlapping but distinct 70 
perspectives. Firstly, they can be viewed a kind of genomic ‘fossil record’ from which the 71 
long-term, coevolutionary relationships of viruses and hosts can be inferred. In this respect, 72 
the presence of a specific, monophyletic lineage of EVEs in both South American and 73 
Australian marsupial genomes -and the apparent absence of this lineage from the genomes of 74 
Old World rodents - suggests the existence of an ancient parvovirus lineage that evolved in 75 
the indigenous mammal populations of biogeographically isolated Southern hemisphere 76 
continents (marsupials, xenarthrans), and was acquired by caviomorph rodents subsequent to 77 
their colonization of the South American continent (estimated to have occurred ~40 MYA 78 
(10)). 79 
The second way in which EVEs can be viewed is as host genes. While most EVE 80 
sequences are highly degenerated, it is clear that at least a proportion of these elements have 81 
been co-opted or ‘exapted’ (i.e. adapted for a function distinct from that for which they 82 
originally evolved (11)) to perform physiological functions in their host species (12-15). 83 
Dependovirus-derived EVEs encoding intact replicase proteins have previously been 84 
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identified in mammalian genomes, including the African elephant (Loxodonta africana) and 85 
Hamadryas baboon (Papio hamadryas). However, this is the first study to show that a 86 
parvovirus-derived EVE is expressed in vivo in a mammal. While no physiological function 87 
has yet been demonstrated for the numerous Parvovirus-related EVEs in mammalian 88 
genomes, the identification of an intact element with differential expression across tissues 89 
provides further indication that such functions exist. Since degus are experimental organisms 90 
that are used currently to research mammalian pathologies and behaviours (16, 17), the 91 
identification of an intact, expressed parvovirus-derived EVE in this species suggests a 92 
possible path forward for research in this area. 93 
 94 
  95 
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Figure legends 96 
 97 
Figure 1.  98 
(a) Genetic structures of parvovirus-derived EVEs in C.lanigera and O.degus genomes. ORFs 99 
were inferred by manual comparison of putative peptide sequences to those of closely related 100 
exogenous parvoviruses.  101 
(b) Alignment of a pair of duplicated EVEs in the Chinchilla lanigera genome against an 102 
adeno-associated virus type 2 (AAV2) reference sequence (GenBank accession #: 103 
AF043303.1).  Blocks of six or more amino acids that are conserved between all three 104 
sequences are highlighted in grey. Nonsense mutations shared between the two duplicated 105 
EVEs are highlighted in black. The two EVEs differed at 8 of 323 nucleotide positions (i.e. an 106 
average of 4 nucleotide substitutions has occurred in each insertion), indicating they arose in a 107 
duplication event that occurred between 2.8 and 5.6 MYA (assuming a range of mammalian 108 
neutral substitution rates from 2.2 to 4.5 x 10-9 per site per year (18)). 109 
 110 
 111 
Figure 2.  112 
Maximum likelihood phylogenies showing the relationships of (a) parvovirus-related, and (b) 113 
dependovirus-related EVEs in the C.lanigera and O.degus genomes to exogenous 114 
parvoviruses and previously described EVEs. Phylogenies are based on alignments of NS1 115 
proteins and putative NS1 proteins encoded by EVE pseudogenes, and were constructed using 116 
PHYML (19) and the JTT+ protein substitution model as selected by ProtTest (20). EVEs 117 
identified in this study are underlined. The scale bar indicates evolutionary distance in 118 
substitutions per amino acid site. Asterisks indicate nodes with maximum likelihood bootstrap 119 
support above 75% for 100 bootstrap replicates. Abbreviations: EVE=endogenous viral 120 
element; AAV=adeno-associated virus; MV= minute virus; PV=Parvovirus. NS=non-121 
structural protein gene cassette; VP=viral capsid protein gene cassette. 122 
 123 
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Figure 3. 124 
(a) Schematic representation of endogenous viral element (EVE) O.degus-4. The replicase 125 
ORF is shown as a white box and the 5’ and 3’ genomic sequences as black lines. The relative 126 
positions of primers used in this study are shown. Primers F1 and F2, positioned at the 127 
extreme ends of the EVE were used to amplify genomic DNA and sequence PCR products. 128 
Primers G1 and G2, positioned in the genomic flanking sequence, were used to control for 129 
genomic contamination of the RNA preparations. The internal primers I1 and I2 were used to 130 
detect O.degus-4 replicase mRNA.  131 
 132 
(b) Tissue-specific expression of a dependovirus-related EVE mRNA in the degu. Total RNA 133 
was extracted from O.degus pancreas, lung, testicle, suprarenal gland, spleen, liver and 134 
kidney. After cDNA generation, expression of the O.degus-4 EVE was detected using primers 135 
designed to amplify the region 519-689 of the predicted mRNA (top panel). OdGAPDH 136 
mRNA (XM_004643553.1) was used as a positive control of mRNA presence (middle panel). 137 
To discard genomic DNA contamination in the cDNA preparations, primers aligning 35 138 
nucleotides (nt) upstream and 85 nt downstream the predicted element in the genomic 139 
sequence NW_004524640.1 were used (bottom panel). The different tissues analyzed are 140 
indicated above the figure. Genomic DNA was used as a positive amplification control. 141 
 142 
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Table 1. Parvovirus EVEs in C. lanigera and O.degus genomes  
 
Element   Accession 
number 
Orientation Structure Genus1 Match coordinates 
      Scaffold Viral genome2 
      start end start end 
          
C.lanigera-1  JH721894.1 -ve NS-VP Parvo 14636996 14641202 1137 4398 
C.lanigera-2  JH721993.1 -ve NS-VP Parvo 459340 462818 1065 4428 
C.lanigera-3  JH721905.1 -ve NS Dependo 7599480 7600235 717 896 
C.lanigera-4*  JH721911.1 -ve NS Dependo 18094486 18095973 330 1684 
C.lanigera-5a  JH721873.1 +ve NS Dependo 22669255 22669578 1428 1724 
C.lanigera-5b  JH721873.1 +ve NS Dependo 22702412 22702712 1428 1724 
C.lanigera-6  JH721896.1 -ve VP Dependo 13652894 13654833 4054 4407 
O.degus-1  JH651603.1 +ve NS-VP Parvo 365906 369616 507 4443 
O.degus-2   JH651624.1 -ve NS-VP Parvo 3857091 3858404 1089 2652 
O.degus-3    JH651827.1 -ve NS-VP Parvo 1343057 1345620 295 3142 
O.degus-4*  JH651579.1 +ve NS Dependo 8427679 8429061 321 1784 
O.degus-5  JH651577.1 +ve VP Parvo 12296699 12296983 4135 4419 
O.degus-6  JH651549.1 -ve VP Dependo 16377593 16377937 4063 4401 
          
 
Footnote: 1 Genus assignment based on phylogenetic analysis of the NS1 gene (see Figure 2). 
Dependo- = Dependovirus, Parvo- = parvovirus related EVEs 2 Viral genome coordinates based on 
pairwise alignment to genus-specific reference sequences; adeno-associated virus 2 (AF043303.1) for 
Dependoviruses, and mouse minute virus (J02275.1) for Parvovirus-like elements. Asterisks denote 
elements encoding intact open reading frames.  
 
